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Phenotypic divergence via speciation 
How phenotypic divergence is associated with speciation and genetic differentiation have been 
major concerns in evolutionary biology (Darwin, 1959; Schluter, 2000, 2009; Gavrilets and Losos, 
2009; Nosil, 2012). The process of phenotypic divergence via speciation is called "radiation" 
(Gittenberger, 1991, 2004), and it can be roughly classified into ecological and non-ecological 
radiation (Schluter, 2000; Rundell and Price, 2009). According to Schluter (2000), ecological 
radiation is the evolution of ecological and phenotypic diversity within a rapidly multiplying lineage. 
Another case that is not shown clear correlation between phenotypic divergence and use of 
environment is called as non-ecological (Gittenberger, 1991; Schluter, 2000). A large number of 
examples have been known as ecological radiation (Williams, 1972; Grant, 1986; Nagel and Schluter, 
1998; Losos et al., 1998; Schluter, 2000; Sato et al., 2001; Nosil et al., 2002; Gillespie, 2004; Clabaut 
et al., 2007; Gavrilets and Losos, 2009; Losos, 2009, 2010; Rundell and Price, 2009; Blankers et al., 
2012), whereas examples of non-ecological radiation were relatively few (Gittenberger, 1991; 
Schluter, 2000). 
"Ecological theory" of ecological radiation has been considered as the major synthesis of idea to 
explain the processes driving phenotypic divergence of lineage (Darwin, 1859; Simpson, 1944, 1953; 
Lack, 1947, Dobzhansky, 1951; Schulter, 2000). In the ecological theory, radiation is explained by 
three main processes, 1) phenotypic divergence of populations driven by divergent natural selection 
between environments, 2) phenotypic divergence mediated by resource competition, 3) speciation 
 3 
arisen by divergent natural selection based on environmental heterogeneity (i.e. ecological speciation; 
Schulter, 2000; Nosil, 2012). Thus, this theory is basically following niche concept (Futuyma, 1979; 
Schulter, 2000; Gittenberger, 2004). 
On the other hand, there are some alternative hypotheses against three components of the 
ecological theory. One of the most significant ideas that may promote divergence between sympatric 
closely related species is "biological interactions" (Schluter, 2000). Especially, "apparent 
competition", competitive interactions mediated by the common natural enemy (Holt, 1977; Holt and 
Lawton, 1994; Bonsall and Hassell, 1997), has a potential to promote character displacement (Brown 
and Vincent, 1992). However, the role of apparent competition in ecological radiation is still highly 
uncertain (Schluter, 2000; Rundle et al., 2003; Rundle and Nosil, 2005; Vamosi, 2005). 
"Sexual selection" is also assumed to play a crucial role for phenotypic divergence through 
speciation (Kocher, 2004; Boake, 2005; Seehausen et al., 2008). However, how this mechanism is 
associated with ecological and non-ecological radiation is still controversial (Schluter, 2000; Panhuis 
et al., 2001; Riche, 2007). 
 
Land snails as model organisms for evolutionary biology 
Land snails are potentially excellent systems to investigate phenotypic evolution, because they 
often show remarkable divergence in shell shape (Teshima et al., 2003; Chiba, 2004, 2005; 
Stankowski, 2011), shell ornament (Schilthuizen et al., 2006; Webster et al., 2012; Wada and Chiba, 
2013), shell color and banding patterns (Cook, 1998; Katakura et al., 1990; Richards et al., 2013), 
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shell chirality (Ueshima and Asami, 2003; Davison et al., 2005, 2009; Hoso et al., 2010), habitat 
preference (Chiba, 1999; Kimura and Chiba, 2010) and anti-predatory behaviors (Vermeij, 1987; 
Schilthuizen et al., 2006; Hoso and Hori, 2008; Hoso, 2012) at the intra- and interspecific levels. 
Because of the low mobility and strict habitat dependences, these phenotypic traits often evolve 
rapidly (Murray et al., 1993; Chiba, 1999, 2004; Davison, 2002; Davison and Chiba, 2006; Hoso et al., 
2010). As proof of this, there are a number of examples of both ecological (Chiba, 1999; Holland and 
Hadfield, 2004) and non-ecological radiations (Cameron et al., 1996; Parmakelis et al., 2005).  
 
Bradybaenid land snails in northeast Asia 
Some bradybaenid land snails (Pulmonata: Bradybaenidae) in northeast Asia provide excellent 
system to investigate phenotypic divergence within and among species, because these snails have 
much divergence in phenotypic traits (color, band pattern and hairs on the shell surface, shell shape, 
size and behavior; Azuma, 1995; Sysoev and Schileyko, 2009). One of these snail species, Ainohelix 
editha distributing in Hokkaido, has much variable shell morphology among different populations 
within the species (Katakura et al., 1990; Teshima et al., 2003). I focused on ten species of four 
genera including all related species in Far East Russia and adjacent three islands (Hokkaido, Honshu 
and Sakhalin Island) (Figure 1; A. editha, Ezohelix gainesi, Karaftohelix blakeana, K. bocageana, K. 
fragilis, K. kudiensis, K. maaki, K. middendorffi, Paraegista apoiensis and P. takahidei). A few 
previous studies using molecular phylogenetic approaches suggested that three Japanese species are 
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fairly close to each other (Wade et al., 2006, 2007). However, the genetic relationships among 
populations and species in these groups remain almost unresolved. 
 
Organization of this thesis 
This study aims to contribute to understand radiation patterns and mechanisms via radical phenotypic 
change using the bradybaenid species group in northeast Asia. At first, I estimate the phylogenetic 
relationships among these species, and especially I focus on two sister species, Ainohelix editha and 
Exohelix gainesi, having extreme phenotypic differences. The evolutionary patterns using shell, 
genital and molecular traits are investigated (Chapter 2), and examined their antipredatory behaviors 
(Chapter 3). Broader perspective of evolutionary patterns on a widespread scale is also detected using 
continental and island genetically related snail species (Chapter 4). Taxonomical problems are also 
treated (Chapter 5). Finally, based on these results, I discuss the patterns and mechanisms of 


















Evidence of Introgressive Hybridization among Morphologically 
Divergent Subarctic Land Snails 
 
ABSTRACT 
Hybridization between morphologically divergent taxa is likely when morphological evolution 
takes place more rapidly than the evolution of reproductive isolation. In studying the phylogenetic 
relationship between two land snails of different genera, Ainohelix editha and Ezohelix gainesi from 
Hokkaido, Japan, using nuclear ITS (nDNA) and mitochondrial 16S ribosomal DNA (mtDNA), we 
found a marked incongruence in the topology between nuclear and mitochondrial phylogenies. 
Furthermore, no clear association was found between shell morphology (which defines the taxonomy) 
and nuclear or mitochondrial trees and genital morphology. These patterns are most likely explained 
by historical introgressive hybridization between A. editha and E. gainesi. As the morphologies of the 
two species are quite distinct when they coexist, the implication is that natural selection is able to 
maintain (or has recreated) distinct morphologies in the face of gene-flow. Future studies may be able 




The means by which phenotypic evolution is associated with speciation and genetic 
differentiation has been a major concern of evolutionary biology (Schluter, 2000; Gavrilets and Losos, 
2009), with the general perception being that morphological divergence should reflect the underlying 
taxonomy and thus the genetic divergence between different species (Avise, 2000; Schileyko, 2004). 
However, a range of recent studies have uncovered molecular genetic evidence that is suggestive of 
hybridization and introgression between species with quite divergent morphologies (Rieseberg et al., 
2003; Seehausen, 2004; Arnold, 2006; Whitney et al., 2010; Keller et al., 2013; Parham et al., 2013). 
This is probably because phenotypic divergence under natural selection, or even drift, might 
sometimes take place much faster than the evolution of reproduction isolation, and thus speciation 
(Teshima et al., 2003; Nosil, 2009; Stankowski, 2013). In addition, it has been argued that novel 
adaptations sometimes arise via hybridization (DeVicente and Tanksley, 1993; Cosse et al., 1995; 
Rieseberg et al., 1999; Whitney et al., 2010). However, the extent to which interspecific hybridization 
affects morphological diversity and phenotypic adaptation is unclear, especially in relation gene flow 
during speciation. This is partly because introgressive hybridization is often cryptic (Mallet, 2005; 
Good et al., 2008), and only revealed from combined nuclear and mitochondrial studies (Arnold, 
2006; Parham et al., 2013). 
Land snails are potentially excellent systems to test morphological evolution because shell shape 
and colour, both inherited characters, tend to evolve rapidly (Chiba, 1999; Davison and Chiba 2006; 
Hoso et al., 2010; Stankowski, 2011). In this study, we focussed on the Bradybaenid land snail genera 
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of Hokkaido, Japan, specifically the genera Ainohelix, Ezohelix, Karaftohelix and Paraegista. Because 
of clear discontinuities of shell morphological traits, combined with the fact that the species 
sometimes coexist, these taxa have been thought to be quite distinct and distantly related. However, a 
previous molecular phylogenetic study suggested that the three sampled genera (Ainohelix, Ezohelix 
and Paraegista) were genetically close to one other (Wade et al., 2006, 2007), perhaps calling into 
question the generic status. One of the species, Ainohelix editha, is also interesting because it has 
extremely variable shell morphology among individuals from different populations (Katakura  et al., 
1990; Teshima et al., 2003). A prior molecular phylogenetic analysis of populations of Ainohelix 
suggested that morphological divergence of Ainohelix editha may have occurred independently in 
different lineages (Teshima et al., 2003).  
In the present study, we clarified the phylogenetic relationships among the populations of these 
genera, using nuclear internal transcribed spacer DNA (ITS1 and ITS2) (nDNA) and mitochondrial 
DNA (mtDNA) genetic markers. In particular, we aimed to understand how the topology of 
phylogenetic trees inferred from nDNA compares with that of mtDNA, and whether either or both are 
associated with the shell and genital morphological traits of two morphologically divergent land snails 
of Ainohelix editha and Ezohelix gainesi. Causes of incongruence among the gene trees and 




MATERIALS AND METHODS 
Samples 
A. editha (Figure 2-1A) is a widely distributed endemic species of Hokkaido Island. Esohelix 
gainesi (Figure 2-1B) is also found on Hokkaido, as well as high mountains in the Tohoku region of 
Honshu Island. Snail samples of these species were collected from 57 localities covering almost the 
entire distributional range (Table 2-1; Figure 2-2). 
The three remaining Bradybaenid species of Hokkaido were also sampled, Karaftohelix blakeana 
(Figure 2-1C), Paraegista takahidei (Figure 2-1D) and Paraegista apoiensis (Figure 2-1E). These 
three species have quite limited distributions on Hokkaido (Japan Wildlife Resarch Center, 2002).  
A previous phylogenetic study sampled three of the four Bradybaenid genera, Esohelix, Ainohelix 
and Paraegista, putting them in a single monophyletic group (Wade et al., 2006, 2007). As we were 
primarily interested in the relationship between Esohelix and Ainohelix, we used P. apoiensis from 
Samani (locality no. 47) as an outgroup for phylogenetic analyses.  
 
Molecular methods 
Foot tissue was homogenized in 300 µl cetyltrimethylammonium bromide (CTAB) solution [2% 
CTAB (w/v), 100 mM Tris (pH 8.0), 20 mM EDTA (pH 8.0), 1.4M NaCl] and 20 µL of 10 mg/mL 
proteinase K, incubated at 60°C for approximately 1 hour, extracted once with phenol/chloroform and 
precipitated with two volumes of ethanol. The DNA pellet was then rinsed with 70% ethanol, 
vacuum-dried for approximately 1 hour and dissolved in 50 µL of distilled water. 
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Approximately 1200 bp of a nuclear gene cluster (nDNA), including the complete ITS-1 region 
(approximately 530 bp), the complete 5.8S gene (approximately 160 bp), and the complete ITS-2 
region (approximately 480 bp) were amplified by PCR, using six primers, ITS1 (5’-TCC GTA GGT 
GAA CCT GCG G-3’; sense; White et al., 1990), ITS3 (5’-GCA TCG ATG AAG AAC GCA GC-3’; 
sense; White et al., 1990), ITS4 (5’-TCC TCC GCT TAT TGA TAT GC-3’; antisense; White et al., 
1990), ITS5 (5’-GGA AGT AAA AGT CGT AAC AAG G-3’; sense; White et al., 1990), ITSsq2 
(5’-CAC ACG ATA GGA AGC GAT TG-3’; antisense; original) and ITSsq4 (5’-ATG CTT AAA TTC 
AGC GGG TA-3’; antisense; original).  
Approximately 900 bp of the 16S ribosomal mtDNA was also amplified by PCR, using four 
primers, 16Scs1 (5’-AAA CAT ACC TTT TGC ATA ATG G-3’; sense; Chiba, 1999), 16Scs2 (5’-AGA 
AAC TGA CCT GGC TTA CG-3’; antisense; Chiba, 1999), 16SinnerF2 (5’-TAC TCT GAC TGT GCA 
AAG GTA G-3’; sense; original) and 16SinnerR (5’-GGG TCT TCT CGT CTA TTA TTT A-3’; 
antisense; original).  
Both PCR reactions were conducted using Takara rRaqTM (Takara Biomedicals, Japan) and 
buffers. Thermal cycling was performed with following reaction conditions: 94°C for 1 min., followed 
by 40 cycles of 94°C for 1 min, 50°C for 1 min and 72°C for 1 min, with final extension at 72°C for 
7min. 
Cycle sequencing was carried out with both forward and reverse primers, using ~80-100 ng of 
PCR product in the reaction and the BigDyeTM Terminator v3.0 Cycle Sequencing Ready Reaction Kit 
(Applied Biosystems, California). DNA sequences were electrophoresed on a 310 Genetic Analyser or 
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3130 Genetic Analyser (both Applied Biosystems, California). 
 
Phylogenetic analyses 
Sequences were aligned using Clustal W (Thompson et al., 1994), and results were then checked 
manually to minimize the total number of insertions and deletions (indels). All indel sites were 
removed from the alignment before phylogenetic analyses. Gene trees were constructed using 
Bayesian inference (BI) methods and maximum likelihood (ML) with nDNA and mtDNA data sets 
analysed separately.  
BI analyses were carried out using KAKUSAN version 4.0 (Tanabe, 2007, 2011) and MrBayes5D 
(Tanabe, 2008: a modified version of MrBayes version 3.1.2 (Huelsenbeck and Ronquist, 2001)). A 
HKY85 (Hasegawa et al., 1985) + AGamma (Yang, 1995) model was selected according to the 
Bayesian information criterion (BIC; Schwarz, 1978) and tree space were explored using two 
concurrent runs with four simultaneous Markov Chain Monte Carlo (MCMC) chains for 10 million 
generations, sampling every 1000 generations for both nDNA and mtDNA data sets. The number of 
generations before stationarity of likelihood values was estimated, with the aid of TRACER version 
1.5 (Rambaut and Drummond, 2007), such that the effective sample sizes of all parameters became 
more than 100 after the burn-in. The heating parameters were set to 0.15. After discarding the first 
1001 trees as burn-in, we obtained the 50% majority rule consensus tree and the posterior probabilities 
of nodes in the tree. 
ML analyses were carried out using KAKUSAN version 4.0 (Tanabe, 2007, 2011) and 
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TREEFINDER (Jobb et al., 2004). The GTR (Lanave et al., 1984) and J1 (Rodriguez et al., 1990) 
substitution model was selected for nDNA and mtDNA, respectively, based on the Akaike’s 
information criterion (AIC; Akaike, 1974). Rate heterogeneity between sites was accounted for by 
Gamma distributed rates (Yang, 1994) in the model. The confidence level of the nodes in the ML tree 
was estimated using bootstrap resampling (Felsenstein, 1985) on 1000 pseudoreplicates. 
Haplotype networks were constructed using minimum spanning network (using TCS version 2.1; 
Clement et al., 2000). 
 
Morphological analyses 
A shell morphological analysis was conducted for A. editha and E. gainesi (78 and 37 specimens, 
respectively) from 25 sites (Table 2-1). Five shell morphological characters were measured using a 
digital vernier caliper (Niigataseiki, Japan): aperture height (AH), aperture width (AW), shell 
diameter (D), shell height (H) and the number of coils (Figure 2-3A). The lengths of these traits were 
measured through comparison with a scale of ±0.1 mm accuracy. A principal component analysis 
(PCA) was conducted in JMP software (SAS Institute, North Carolina) using log-transformed 
measurements. 
A genital analysis was also conducted for A. editha and E. gainesi (38 and 19 specimens, 
respectively) from 17 sites (Table 2-1). Nine genital morphological characters were measured using 
pictures of genitalia (Figure 2-3B): length of the epiphallus (Lep1), length between the base of the 
epiphallus and the retractor muscle of the penis (Lep2), length of oviduct (Lov), length of the penis 
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sheath (Lps), length of stalk of the receptaculum seminis (Lst), length of the spermiduct (Lsd), length 
of the vagina (Lva), length of the vas deferens (Lvd). A principal component analysis (PCA) was 






The SH test (Shimodaira and Hasegawa, 1999) and approximately unbiased (AU) test (Shimodaira, 
2002) suggested that the two data sets contain significantly different phylogenetic information (using 
TREEFINDER (Jobb et al., 2004); P <0.001 on both tests). 
 
nDNA 
In the nDNA analyses, 124 individuals of the five species including the outgroup taxa were 
analysed, and 90 haplotypes were detected. BI and ML analyses resulted in nearly identical topologies, 
BI analysis produced a posterior distribution with a mean -ln L 3244.86 (standard error (SE) = 0.15). 
ML analysis resulted in a single tree with -ln L 3151.76. The inferred phylogenetic relationship among 
the haplotypes is shown in Figure 2-4 (omit to protect the copyright). 
There were no shared haplotypes/alleles between A. editha and E. gainesi. A. editha and E. 
gainesi were polyphyletic, with the majority of E. gainesi haplotypes separated into three clades, A, C 
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and E, with high support values (BPP = 0.86, 1.00 and 1.00, BV = 82%, 92% and 96%, respectively), 
except for two haplotypes from two populations (locality no. 5 and 44). The haplotype network 
suggested that at least two of these three clades (clades A+C and E) were derived from one clade of A. 
editha independently (Figure 2-5; omitted to protect the copyright). Although the phylogenetic 
relationships of many haplotypes of A. editha were uncertain, three clades, B, D and F, were identified 
by high support values (BPP = 0.96, 0.97 and 1.00, BV = 83%, 70% and 84%, respectively). The 
haplotypes included in each of these six clades were those from geographically close populations, and 




In the mtDNA analyses, 185 individuals of five species, including the outgroup taxa, were 
analyzed, detecting 127 haplotypes. The BI and ML resulted in nearly identical topologies. The BI 
analysis produced a posterior distribution with a mean -lnL of 9370.49 (SE = 0.25). The ML analysis 
resulted in a single tree with -lnL 9323.59. The inferred phylogenetic relationship among the 
haplotypes is shown in Figure 2-5 (omitted to protect the copyright). 
In a similar finding to the nDNA analyses, A. editha and E. gainesi, were polyphyletic in the 
mtDNA analyses, and there were no shared haplotypes/alleles between A. editha and E. gainesi. 
Within the clade of A. editha and E. gainesi complex, six major clades were identified (Clades G-L). 
Clade G included haplotypes of both A. editha and E. gainesi (97 haplotypes), and occupied the 
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largest area among the six clades, ranging almost entire distribution area of these two species. Other 
clades (Clades H-L) included either A. editha or E. gainesi (Figure 2-9; omitted to protect the 
copyright).  
Clade G was separated into 10 well supported subclades (Subclades G1-10). The value of every 
pairwise genetic distances between two haplotypes in different clades are more than 0.05 
substitutions/site. These clades are also supported by Generalized Mixed Yule-Coalescent (GMYC) 
model (Pons et al., 2006). 
  In most cases, these five clades (Clade H-L) and 10 subclades (Subclades G1-10) were 
constructed with the haplotypes of geographically close populations (Figure 2-9; omitted to protect 
the copyright). Especially in G-1 and G-2 clades, A. editha and E. gainesi are in same lineage, and 




To investigate variation in shell morphology between A. editha and E. gainesi, PCA was 
performed based on five measurements (Figure 2-3A). More than 98% of the variation among the 
individual snails was explained by two principal components (PC1 and PC2), and only the first 
principal component is greater than 1.0 eigenvalues (Table 2-2; omitted to protect the copyright). All 
factors had sufficient loading value, and the factors except for the number of coils had positive 
loadings on PC1. Therefore, PC1 can be interpreted as explaining both size and shape of the shell. A. 
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editha was much smaller and coiled more than E. gainesi, and there was no intermediate shell type 
between A. editha and E. gainesi (Figure 2-7A; omitted to protect the copyright).The difference in the 
PC1 scores are highly significant between A. editha and E. gainesi (Wilcoxon rank sum test, P 
<0.001). 
In the same way as the analysis of the shell morphology, the PCA analysis was performed to 
investigate variations in genital morphology between A. editha and E. gainesi based on nine 
measurements (Figure 2-3B). In contradiction to the shell morphology, variations in genital 
morphology between two species completely overlapped. Even the first four principal components 
with eigenvalues greater than 1.0 together explained only 68.7% of total variance (Table 2-3; omitted 




While shell size and shape clearly separate A. editha and E. gainesi into two distinct groups 
(Figure 2-7; omitted to protect the copyright), nDNA, mtDNA and anatomical analyses suggest a 
history of extensive introgressive hybridization (Figure 2-4, 2-5, 2-7B; omitted to protect the 
copyright). Are the two groups instead a single species complex? We strongly argue the two groups 
represent two distinct species, despite lack of differentiation in characters that are usually key for 
taxonomic description (e.g. genital morphology). This is because we have found that the two distinct 
morphologies, corresponding to A. editha and E. gainesi, often coexist at the same place (30 localities 
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of all 54 sites in this study contained both A. editha or E. gainesi). Future studies may therefore be 




The evolutionary histories of A. editha and E. gainesi 
An array of recent molecular phylogenetic studies suggest that introgression of mtDNA tends to 
occur much more frequently than nuclear DNA (Ferris et al., 1983; Taylor and Mcphail, 2000; Sota 
and Vogler, 2001; Doiron et al., 2002; Shaw, 2002; Ballard and Whitlock, 2004; Roca et al., 2005), 
although the reasons for this are still unclear (Llopart et al., 2005; Bachtrog et al., 2006). We found 
that the phylogenetic relationship between A. editha and E. gainesi appears more complex in mtDNA 
analyses than in nDNA analyses, although for both A. editha and E. gainesi tend to have very different 
lineages, suggesting at least a recent separate history. The only exception may be the geographic 
patterns of G-1 and G-2 clades of the mtDNA tree (Figure 2-9A,B; omitted to protect the copyright). 
Clearly, further research is needed to clarify the causes of the observed phylogenetic patterns.  
As sympatric snails tend to have a discrete morphology and size, as well as their being no 
evidence of shared haplotypes, the incongruence of nDNA and mtDNA trees is most likely to be 
caused by ancestral hybridization. Similar patterns observed in the present study have been reported in 
several studies (DeSalle and Gidding, 1986; Bagley and Gall, 1998; Wilson and Bernatchez, 1998; 
Llopart et al., 2005; Roca et al., 2005; Bachtrog et al., 2006). As snails in different regions of 
Hokkaido tend to have different shared histories, this is probably evidence for geographically discrete 
hybridization events. This is probably because the widespread loss of habitat might have been led by 
the discontinuous permafrost zone during the ice ages in Hokkaido (Yonekura et al., 2001; Koizumi et 
al., 2012). This suggests a role of natural selection, rather than chance, in making these events occur. 
In unpublished work, we found no obvious differences in the local microhabitat use between the 
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two species when sympatric, so it is unlikely morphological differences between the two species are 
caused by adaptation major difference in habitat. Instead, we can only speculate as to what maintains 
the differences – but as they are certainly at risk of hybridization, then perhaps high selection pressure 
effects on intermediate shell forms cause the differences. Alternatively, correlations between shell 
size and moisture have been recorded in land snails (larger snails in wetter condition; Goodfriend, 
1986). In such cases, mosaic patterns should appear in the distributions of the two species because of 
mosaic distributions of these habitats (Futuyma, 2005).  
 
Table  2-‐‑‒1.  Sampling  localities,  geographical  coordinates  and  number  of  individuals  used  in  DNA  sequencing  and  morphological  analyses  for  each  snail  species.
A.  editha E.  gainesi K.  blakeana P.  takahidei P.  apoiensis
No. Locality  name Coodinates DNA Morphology DNA Morphology DNA DNA DNA
Latitude/Longitude ITS 16S Shell Genitalia ITS 16S Shell Genitalia ITS 16S ITS 16S ITS 16S
Hokkaido
1 Wakkanai 45°31′N/141°56′E 2 2 1 2 3
2 Wakkanai 45°25′N/141°38′E 2 3
3 Sarufutsu 45°22′N/142°05′E 2 3 6
4-‐‑‒1 Rebun  Island 45°18′N/141°01′E 3 3
4-‐‑‒2 Rebun  Island 45°18′N/141°02′E 1 1 1 1 1
4-‐‑‒3 Rebun  Island 45°17′N/141°01′E 1 2 4
5 Rishiri  Island 45°13′N/141°14′E 1 2 1 1 2 2
6 Wakkanai 45°12′N/141°35′E 3 1
7 Hamatombetsu 45°10′N/142°16′E 1 2
8 Nakatombetsu 44°59′N/142°17′E 1 3 5 2 2 4
9 Horonobe 44°55′N/142°00′E 2 2 2 2
10 Teshio 44°53′N/141°45′E 1 1 4
11 Esashi 44°46′N/142°30′E 3 1 1 4
12 Shosambetsu 44°35′N/141°47′E 2 2
13 Okoppe 44°29′N/143°04′E 4
14-‐‑‒1 Yagishiri  Island 44°26′N/141°25′E 1 1 7 10
14-‐‑‒2 Yagishiri  Island 44°26′N/141°25′E 2 2 3 2 1
15 Teuri  Island 44°26′N/141°19′E 2 5 2 2 3
16 Nishiokoppe 44°21′N/142°58′E 1 1 1 3
17 Tomamae 44°20′N/141°40′E 3 3 4 1 1
18 Horokanai 44°18′N/142°10′E 1 1 4 3 3 1
19 Takinoue 44°12′N/143°01′E 1 2 4
20 Tomamae 44°08′N/141°47′E 2 1 2
21 Obira 44°07′N/141°39′E 2 2 3 1 1 1
22 Rausu 44°02′N/145°08′E 2 2
23 Takinoue 43°56′N/142°57′E 1 1
24 Rumoi 43°54′N/141°42′E 1 4 2 2 4 1
25 Kiyosato 43°48′N/144°40′E 1 1
26 Mashike 43°47′N/141°40′E 2 1
27 Kamikawa 43°43′N/142°58′E 1 1 1
Table  2-‐‑‒1.  (Continued)
A.  editha E.  gainesi K.  blakeana P.  takahidei P.  apoiensis
No. Locality  name Coodinates DNA Morphology DNA Morphology DNA DNA DNA
Latitude/Longitude ITS 16S Shell Genitalia ITS 16S Shell Genitalia ITS 16S ITS 16S ITS 16S
Hokkaido
28 Kitami 43°39′N/143°15′E 2 2 1 2 2 2
29 Furano 43°20′N/142°21′E 4 9 6 2 1 1 1
30-‐‑‒1 Bibai 43°19′N/141°58′E 2 1 1 2 1 1
30-‐‑‒2 Bibai 43°19′N/141°57′E 1 1 1 2 1 2 2
31 Bibai 43°19′N/141°52′E 2 3 4 3 2 3 2
32 Shakotan 43°19′N/140°21′E 1 3 1 3
33 Shikaoi 43°18′N/143°07′E 1 1
34 Tomari 43°03′N/140°30′E 1 1 1
35 Yubari 43°03′N/142°06′E 2 3 2 2 2 2
36 Ebetsu 43°02′N/141°31′E 1 1 2 2 23 7
37 Sapporo 42°59′N/141°06′E 1 1 1 1 1 1 2
38 Memuro 42°49′N/142°59′E 1
39 Rusutsu 42°41′N/140°50′E 1
40 Kuromatsunai 42°39′N/140°19′E 2 1 3 1 2
41 Shimamaki 42°37′N/140°06′E 4 5 1 1 2 1
42 Oshamambe 42°35′N/140°13′E 1 2 2 2 2
43 Urakawa 42°13′N/142°58′E 1 1 9 2 3 3
44 Yakumo 42°11′N/140°06′E 1 2 1
45 Okushiri  Island 42°10′N/139°30′E 1 1
46 Okushiri  Island 42°09′N/139°24′E 1 1
47 Samani 42°06′N/143°01′E 4 8
48 Samani 42°04′N/143°07′E 2 2 3 1 3 4
49 Kaminokuni 41°42′N/140°18′E 1 1
50 Matsumae 41°42′N/140°18′E 2 2 4
Tohoku  region,  Honshu
51-‐‑‒1 Daisen,  Akita 39°33′N/140°43′E 1
51-‐‑‒2 Daisen,  Akita 39°33′N/140°43′E 1 1
52 Yusa,  Yamagata 39°06′N/140°00′E 2 3





















Two Incompatible Defensive Strategies against Predator in Land Snails 
 
ABSTRACT 
This section was omitted to protect the copyright. 
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INTRODUCTION 
Understanding the process of phenotypic divergence is a crucial issue in evolutionary biology 
(Schluter, 2000; Gavrilets and Losos, 2009). To challenge this issue, it is effective to study closely 
related species, because mechanisms of divergence are clearest at this level (Schlter, 2000). 
Two bradybaenid snails in Hokkaido Island of Japan, A. editha and E. gainesi, are genetically 
closely related species each other, despite these are described as different genera (Chapter 2, 5). 
Frequent hybridization had been occurred between these two species, so it is likely that divergence of 
phenotypic traits of A. editha and E. gainesi were evolved relatively rapidly, caused by natural 
selection (Chapter 2). However, the factor of natural selection is not clear. Because A. editha and E. 
gainesi often coexist at the same place, the ultimate factor of selection pressure may not the difference 
of habitat condition (Chapter 2). 
Predation is also a major selective force affecting the evolution of morpholigical and behavioral 
characteristics of prey (Lima and Dill, 1990; Hoso et al., 2010). A. editha and E. gainesi have the 
specialist predators, some kinds of carabid beetles. These carabid beetles are distributed in almost 
entire area of Hokkaido as same as A. editha and E. gainesi. It is likely that these carabid beetles prey 
A. editha and E. gainesi mainly, because there are few snail species having large body size in 
Hokkaido and no species except for A. editha and E. gainesi is distributed entire area of Hokkaido. It 
is possible that the phenotypic differences of A. editha and E. gainesi are evolved by predation 
pressure of these carabid beetles. 
To test this hypothesis, I observed response behaviors of each snail when snails attacked by 
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predator, and compared these behaviors with these morphological characters. After that, the effects 
for predation are discussed.  
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MATERIALS AND METHODS 
Behavioral experiment 
In total, 38 adult snails of of A. editha from 17 localities and 19 adults of E. gainesi from six 
localities were used for behavioral experiment (Table 3; Figure 2-2; omitted to protect the copyright). 
The foot of A. editha and E. gainesi was given external stimulus artificially by pushing with fine tip 
tweezers, and response behavior of the snail was observed. The response behavior was recorded with a 
video camera (HDR-XR500V; SONY, Japan).  
 
Feeding experiment 
Adult snaills of A. editha from Bibai and Yubari (locality no. 30-2 and 35 in Table 2-1, 3 and 
Figure 2-2) and E. gainesi from Bibai and Sapporo (no. 30-2 and 37) were fed to one individual of 
snail eating carabid beetle, Damaster blaptoides (Figure 1K), Acoptolabrus gehinii (Figure 1L) from 
mainly Bibai (one is from Furano, no. 29; Table 3). In each experiment, one beetle and one snail were 
put into a plastic case (15.5 cm × 11.0 cm × 4.5 cm) stashed horticultural soil at the bottom for 12 
hours in low-intensity light. The behavior of the snail to avoid predatory attack by the beetle was 
recorded with a video camera (HDR-XR500V; SONY, Japan). 
 
Morphological analysis 
The morphological analysis was conducted for 78 and 37 specimens from 33 and 22 sites of A. 
editha and E. gainesi, respectively. Two morphological characters, maximum shell diameter and 
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aperture height, were measured using a digital vernier caliper (Niigataseiki, Japan). The lengths of 
these traits were measured through comparison with a scale of ±0.1 mm accuracy. The relationship 
between shell diameter and aperture width of each species was drown as a scatter plot (Figure 3-2; 
omitted to protect the copyright). 
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RESULTS AND DISCUSSION 
In summary, clear discontinuity in morphological traits and contrasting behaviors are observed 
between the two genetically and phylogenetically close species, A. editha and E. gainesi. The present 
findings suggest that the shell morphology and behavior of A. editha and E. gainesi have been 
diversified rapidly as a result of antipredation adaptation. This intimates that speciation of these two 
snails have occurred as a result of divergence of behavior under predation pressure. Furthermore, 





















Parallel Phenotypic Divergence of the Bradybaenid Land Snails in 
the Northeast Asia 
 
ABSTRACT 
This section was omitted to protect the copyright. 
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INTRODUCTION 
How does phenotypic divergence via speciation (i.e. radiation; Gittenberger, 1991, 2004) occur in 
nature? This has been a major concern of evolutionary biology since Darwin (Darwin, 1859; Schluter, 
2000, 2009; Nosil, 2012). All of them can be classified into mainly two types, ecological (i.q. 
adaptive; Gittenberger, 2004) and non-ecological radiation (i.q. non-adaptive; Gittenberger, 2004), 
although the mechanisms and patterns of radiations were still not fully understood (Schluter, 2000, 
2001; Nosil, 2012). According to Schluter (2000), ecological radiation is the evolution of ecological 
and phenotypic diversity within a rapidly multiplying lineage. Another case that are not shown clear 
correlation between phenotypic divergence and use of environment are called non-ecological 
(Gittenberger, 1991; Schluter, 2000). A number of examples of ecological radiation (Grant, 1986; 
Meyer, 1993; Losos et al., 1998; Schluter, 2000; Sato et al., 2001; Nosil et al., 2002; Gillespie, 2004; 
Clabaut et al., 2007; Gavrilets and Losos, 2009; Losos, 2009; Rundell and Price, 2009; Blankers et al., 
2012), though the mechanisms of radiations were still not fully understood (Schluter, 2000, 2001; 
Nosil, 2012). In contrast, examples of non-ecological radiation were relatively few (Gittenberger, 
1991; Schluter, 2000). 
"Ecological theory" of ecological radiation has been considered as the major synthesis of ideas to 
explain the processes driving ecological divergence of lineage (Darwin, 1959; Simpson, 1944, 1953; 
Lack, 1947, Dobzhansky, 1951; Schulter, 2000). In this theory, ecological radiation is ultimately the 
outcome of divergent natural selection stemming from environments and resource competition, that 
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means this theory is basically following the niche concept (Futuyma, 1979; Schulter, 2000; 
Gittenberger, 2004). 
Land snails are potentially excellent systems to investigate phenotypic evolution, because shell 
shape and color, both inherited characters, tend to show high variability, as a result of low mobility 
and strict habitat dependences (Murray et al., 1993; Chiba, 1999, 2004; Davison, 2002; Davison and 
Chiba, 2006; Hoso et al., 2010; Stankowski, 2011). As proof of this, there are relatively many 
examples of both ecological (Chiba, 1999; Holland and Hadfield, 2004) and non-ecological radiations 
(Cameron et al., 1996; Parmakelis et al., 2005) are reported. 
In this study, I focus on subarctic bradybaenid land snails in northeast Asia. At first, all snails were 
classified objectively into several types by phenotypic traits using model-based clustering methods 
and behavioral experiments. Then, the evolutionary relationships among the species and phenotypic 
types were estimated by molecular phylogenetic approach for each two nuclear and mitochondrial 
DNA genetic markers, and the evolutionary patterns and mechanisms of phenotypic divergence via 
speciation on these snails were discussed. 
 
	 
MATERIALS AND METHODS 
Samples 




Shell morphological analyses were conducted for 180 individuals of ten species in four genera 
(Table 4-1; omitted to protect the copyright.). Six shell morphological characters were measured using 
pictures of shell (Figure 4-3; omitted to protect the copyright.): aperture height (AH), aperture width 
(AW), shell diameter (D), shell height (H), shell height (SH) and spire width (SW). I analyzed shell 
shape and size, separately; for the analysis of shell shape, a principal component analysis (PCA) was 
conducted in JMP software (SAS Institute, North Carolina) using mean measurements of each species 
of each locality revised by shell diameter (D). After that, the model-based clustering was conducted to 
the first and second principal component (PC1 and PC2) scores using the R v3.0.2 (R Development 
Core Team, 2006) package MCLUST (Fraley and Raftery 1999, 2003, 2006) available as a contributed 
package from the Comprehensive R Archive Network (CRAN, http://CRAN.R-project.org) for 
classifying into several groups by shell shape. For the size analysis, I used shell diameter (D) of each 
species. I also analysed model-based clustering using MCLUST for classifying by shell size, based on 
the result of the shell shape analysis.  
 
Bihevioral experiments 
In total, 49 adult snails of eight species (Table 4-1; omitted to protect the copyright.). The foot of 
snails was given external stimulus artificially by pushing with fine tip tweezers, and response 
behavior of the snail was observed. The response behavior was recorded with a video camera 




Foot tissue was homogenized in 300 µL cetyltrimethylammonium bromide (CTAB) solution [2 % 
CTAB (w/v), 100 mM Tris (pH 8.0), 20 mM EDTA (pH 8.0), 1.4 M NaCl] and 20 µL of 10 mg/mL 
proteinase K, incubated at 60 °C for approximately 1 hour, extracted once with phenol/chloroform and 
precipitated with two volumes of ethanol. The DNA pellet was then rinsed with 70 % ethanol, 
vacuum-dried for approximately 1 hour and dissolved in 50 µL of distilled water. 
To estimate the phylogenetic relationships among the collected snails, I sequenced fragments of 
two mitochondrial DNA regions (cytochrome oxidase subunit 1 (CO1) gene, approximately 530 bp; 
16S ribosomal DNA (16S), approximately 700bp) and two nuclear DNA regions (ribosomal internal 
transcribed spacer 1 and 2 region (ITS), approximately 1200bp; external transcribed spacer resgion 
(ETS), approximately 380 bp). Polymerase chain reaction (PCR) conditions and primers used are 
shown in Table 4-2. The PCR products were purified using Exo-SAP-IT (Amersham Biosciences, 
Little Chalfont, Buckinghamshire, UK). Cycle sequencing was carried out with both forward and 
reverse primers, using ~80-100 ng of PCR product in the reaction and the BigDyeTM Terminator v3.0 
Cycle Sequencing Ready Reaction Kit (Applied Biosystems, California). DNA sequences were 





Sequences were aligned using MUSCLE v3.8 (Edgar, 2004), and the results were cleaned from 
problematic alignment blocks using GBLOCKS v0.91 (Castresana, 2000) with default parameters. 
Gene trees were constructed using Bayesian inference (BI), maximum likelihood (ML), maximum 
parsimony (MP) and neighbor joining (NJ) methods based on combined data set of all sequences (16S, 
CO1, ITS and ETS). 
Prior to the ML and BI analyses, the appropriate models of sequence evolution were selected by 
Kakusan4-4.0.2011.05.28 (Tanabe, 2007, 2011), and combined the all sequences. BI analysis was 
carried out using MrBayes5D (Tanabe, 2008: a modified version of MrBayes v3.1.2 (Ronquist and 
Huelsenbeck, 2003)). Tree space were explored using two concurrent runs with four simultaneous 
Markov Chain Monte Carlo (MCMC) chains for 5 million generations, sampling every 100 generations 
for combined data set of all sequences (16S, CO1, ITS and ETS). The number of generations before 
stationarity of likelihood values was estimated, with the aid of TRACER v1.5 (Rambaut and 
Drummond, 2007), such that the effective sample sizes of all parameters became more than 100 after 
the burn-in. The heating parameters were set to 0.15. After discarding the first 501 trees as burn-in, I 
obtained the 50% majority rule consensus tree and the posterior probabilities of nodes in the tree. 
The ML analysis was performed by TREEFINDER v2008 (Jobb, 2004) under the maximum 
likelihood criterion. The MP and NJ trees were reconstructed using MEGA v5.2 (Tamura et al., 2011). 
Prior to the MP and NJ analyses, the 16S, CO1, ITS, and ETS sequences were combined using MEGA. 
Nodal support for the ML, MP and NJ analyses were assessed using bootstrap analyses (Felsenstein, 
1985) with 1000 replications.  
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Because all the above analyses seemed to suggest that the several different types of shell shape 
were originated independently in island and continental populations, I performed the 
Kishino-Hasegawa test (KH test; Kishino and Hasegawa, 1989), Shimodaira-Hasegawa test (SH test; 
Shimodaira and Hasegawa, 1999) and approximately unbiased test (AU test; Shimodaira, 2002) with 
the all sequence data sets to test alternative hypothesis that the each shell type was treated as 
monophyletic groups respectively. The alternative tree was obtained by ML heuristic search as 
described above under the topological constraint (each type of shell shape was fixed as monophyletic). 
Likelihood scores were calculated for the constrained and unconstrained trees using TREEFINDER 





This section was omitted to protect copyright. 
 
Behavioral experiments 
This section was omitted to protect copyright. 
 
Phylogenetic analyses 




Four snail types classified clearly in this study were arisen twice independently. This pattern, 
parallel evolution of similar adaptive traits in several independent regions, strongly implicates natural 
selection as the cause of evolution (Schluter, 2000, 2001, 2009; Nosil et al., 2002; Nosil, 2012). It is 
unlikely that morphological differences among several species are caused by major differences in 
habitat, because no obvious differences were found in the local microhabitat use between the two 
species when these different species coexisted (data not shown). This is a unique example of 
morphological divergence, because adaptation to different microhabitats is considered as a major 
factor to explain phenotypic divergence among species (Grant, 1986; Wainwright and Reilly, 1994; 


















Phylogeny and Taxonomic Revision of Subarctic Bradybaenid Land 
Snails in Hokkaido, Japan 
 
ABSTRACT 
Supraspecific taxa have often been used as terminal entities in estimation of phylogenies of organisms. 
However, paraphyletic or polyphyletic nominal taxa may cause serious misleading effects in the 
phylogenetic reconstruction. In the present study, molecular phylogenetic relationships were 
investigated in subarctic bradybaenid land snails of the genera Ainohelix, Ezohelix, Karaftohelix and 
Paraegista on the Hokkaido Island, Japan. Substantial incongruences were found between phylogenies 
and shell morphologies. In contrast, variations in traits on genitalia reflected phylogenetic 
relationships to some extent. All of the nominal genera studied are not evolutionarily significant units, 
and these genera are belonged to a single genus. The present study suggests that evolution of shell 
morphologies is highly labile and repeatable, and higher taxa of land snails described by shell 
morphologies should be radically revised.    
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INTRODUCTION 
Recent progresses in molecular phylogenetic analyses have revealed that large incongruence may 
exist between traditional taxonomy and phylogenetic relationship in land snails. This issue remains 
highly crucial and more urgent than ever from the viewpoint of conservation of land snail diversity. 
Taxonomy of land snails remains largely based on shell morphologies. Genital morphologies also have 
been thought to be useful for taxonomy, particularly for species delimitation (Sharp and Muir, 1912; 
Newell, 1918; Gomez, 2001; Schileyko, 2004), and several studies suggested that some genital traits 
could be used for higher-level classification (e.g. Kameda et al., 2007; Hirano et al., 2014). However, 
it still remains unclear how traditional taxonomy based on morphological traits is consistent or 
inconsistent with phylogenetic relationships in land snails. 
In this study, I focused on bradybaenid land snail genera on the Hokkaido Island, Japan (seven 
species of six genera: Acusta, Ainohelix, Euhadra, Ezohelix, Karaftohelix and Paraegista). Wade et al. 
(2006, 2007) suggested that three genera (Ainohelix, Ezohelix and Paraegista) were genetically 
closely related to each other, and the genus Acusta was the sister genus of Ainohelix, Ezohelix and 
Paraegista. In contrast, the genus Euhadra was phylogenetically distantly related from other four 
genera (Wade et al., 2006, 2007; genus Karaftohelix was not included). In addition, several studies 
showed that the genus Acusta has much different genital traits from other five genera (Azuma, 1995; 
Schileyko, 2004). Thus, five species of the four genera (Ainohelix, Ezohelix, Karaftohelix and 
Paraegista) were focused in this study.  
All these four genera were described by not only shell but also genital morphologies (Pilsbry, 
 40 
1927; Kuroda and Taki, 1933; Kuroda and Emura, 1938; Kuroda and Azuma, 1951; Shinagawa, 1982; 
Minato, 1988; Azuma, 1995; Schileyko, 2004). Especially, the number of mucus glands in genitalia is 
considered as one of the most important traits for the intergeneric differences among these genera 
(Minato, 1988). In Hokkaido, two species of Paraegista have only two mucus glands, yet other three 
genera (Ainohelix, Ezohelix and Karaftohelix) have several numbers (around ten; Kuroda and Emura, 
1938; Minato, 1988; Schileyko, 2004). Other genera, except for Paraegista, contain only one species. 
Paraegista has two species, P. takahidei (Figure 5-1A, B) and P. apoiensis (Figure 5-1C), both of 
which have only two mucus glands. 
In the present study, we estimate the evolutionary relationships among populations of these 
genera by molecular phylogenetic approach using internal transcribed spacer DNA (ITS1 and ITS2; 
nDNA) and mitochondrial 16S ribosomal DNA (mtDNA) genetic markers, and investigate the 
relationship among shell and genital traits and molecular phylogeny. I discuss validity of the present 
taxonomy of these genera, with suggestion of taxonomic revision. 
 
	 
MATERIALS AND METHODS 
Samples 
Three genera, Ainohelix, Ezohelix and Paraegista, are endemic genera in Hokkaido, and two 
species, Ezohelix gainesi and Karaftohelix blakeana , are endemic species in Hokkaido. The genus 
Ezohelix is also almost endemic to Hokkaido, but is also distributed in high mountain areas in the 
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Tohoku region of the Honshu Island, Japan. Two species of genus Paraegista, P. takahidei (Figure 
5-1A, B) and P. apoiensis (Figure 5-1C), have quite limited distributions on Hokkaido (Japan Wildlife 
Resarch Center, 2002). Especially, P. apoiensis is distributed in only one mountain range called 
“Apoi” (locality no. 9). We collected some samples from two populations of P. takahidei and from one 
population of P. apoiensis (Table 5-1; Figure 5-2). In addition, the three remaining bradybaenid 
species of Hokkaido, Ainohelix editha (Figure 5-1E), E. gainesi (Figure 5-1F) and K. blakeana (Figure 
5-1D), were also sampled in this study. We used Acusta despecta from Taiki (locality no.8) as an 
outgroup for phylogenetic analyses.  
 
Morphological analyses 
A shell morphological analysis was conducted for P. apoiensis from Samani and P. takahidei 
from Jozankei and Shakotan (7, 3 and 12 specimens, respectively; Table 5-1). Eight shell 
morphological characters were measured using pictures of shell (Figure 5-3): aperture height (AH), 
aperture width (AW), height from the undermost part of aperture to the periphery (APH), width from 
the lowermost part of aperture to the periphery (APW), shell diameter (D), shell height (H), shell 
height (SH) and spire width (SW). A principal component analysis (PCA) was conducted in JMP 
software (SAS Institute, North Carolina) using revised measurements by shell diameter (D) to 
compare the shell shape. We also compared the shell size among populations by shell diameter (D). In 
addition, we observed the genital morphologies of each population of all species including A. editha, 





Foot tissue was homogenized in 300 µL cetyltrimethylammonium bromide (CTAB) solution [2 % 
CTAB (w/v), 100 mM Tris (pH 8.0), 20 mM EDTA (pH 8.0), 1.4 M NaCl] and 20 µL of 10 mg/mL 
proteinase K, incubated at 60 °C for approximately 1 hour, extracted once with phenol/chloroform and 
precipitated with two volumes of ethanol. The DNA pellet was then rinsed with 70 % ethanol, 
vacuum-dried for approximately 1 hour and dissolved in 50 µL of distilled water. 
Approximately 1200 bp of a nuclear gene cluster (nDNA), including the complete ITS-1 region 
(approximately 530 bp), the complete 5.8S gene (approximately 160 bp), and the complete ITS-2 
region (approximately 480 bp) were amplified by PCR, using six primers, ITS1 (5’-TCC GTA GGT 
GAA CCT GCG G-3’; sense; White et al., 1990), ITS3 (5’-GCA TCG ATG AAG AAC GCA GC-3’; 
sense; White et al., 1990), ITS4 (5’-TCC TCC GCT TAT TGA TAT GC-3’; antisense; White et al., 
1990), ITS5 (5’-GGA AGT AAA AGT CGT AAC AAG G-3’; sense; White et al., 1990), ITSsq2 
(5’-CAC ACG ATA GGA AGC GAT TG-3’; antisense; original) and ITSsq4 (5’-ATG CTT AAA TTC 
AGC GGG TA-3’; antisense; original). 
Approximately 900 bp of the 16S ribosomal mtDNA was also amplified by PCR, using four 
primers, 16Scs1 (5’-AAA CAT ACC TTT TGC ATA ATG G-3’; sense; Chiba, 1999), 16Sma2 
(5’-AGA AAC TGA CCT GGC TTA CG-3’; antisense; Chiba, 1999), 16S-inF2 (5’-TAC TCT GAC 
TGT GCA AAG GTA G-3’; sense; original) and 16S-inR (5’-GGG TCT TCT CGT CTA TTA TTT 
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A-3’; antisense; original).  
Both PCR reactions were conducted using Takara rTaqTM (Takara Biomedicals, Japan) and 
buffers. Thermal cycling was performed with following reaction conditions: 94 °C for 1 min., 
followed by 40 cycles of 94 °C for 1 min, 50 °C for 1 min and 72 °C for 1 min, with final extension at 
72 °C for 7 min. 
Cycle sequencing was carried out with both forward and reverse primers, using ~80-100 ng of 
PCR product in the reaction and the BigDyeTM Terminator v3.0 Cycle Sequencing Ready Reaction Kit 
(Applied Biosystems, California). DNA sequences were electrophoresed on a 310 Genetic Analyser or 
3130 Genetic Analyser (both Applied Biosystems, California). 
 
Phylogenetic analysis 
Sequences were aligned using MUSCLE v3.8 (Edgar, 2004), and the results were cleaned from 
problematic alignment blocks using GBLOCKS v0.91 (Castresana, 2000) with default parameters. 
Gene trees were constructed using maximum likelihood (ML) and Bayesian inference (BI) methods 
based on combined sequences of nDNA and mtDNA data sets. 
Prior to the ML and BI analyses, the appropriate models of sequence evolution were selected by 
Kakusan4-4.0.2011.05.28 (Tanabe, 2011), and combined the nDNA and mtDNA sequences. The ML 
analysis was performed by the likelihood-ratchet method, implemented in Phylogears version 2.0 
(Tanabe, 2010). One hundred sets of 25 % site-upweighted data were created using the 
‘pgresampleseq’ command in Phylogears, and trees based on the up weighted data were constructed 
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using TREEFINDER (Jobb, 2008) under the maximum likelihood criterion. Nodal support for the ML 
analyses was assessed using bootstrap analyses (BV: bootstrap value; Felsenstein, 1985) with 1000 
replications. 
BI analyses were carried out using MrBayes5D (Tanabe, 2008: a modified version of MrBayes 
v3.1.2 (Huelsenbeck and Ronquist, 2001; Ronquist and Huelsenbeck, 2003)). Tree space were 
explored using two concurrent runs with four simultaneous Markov Chain Monte Carlo (MCMC) 
chains for 10 million generations, sampling every 1000 generations for combined data set of nDNA 
and mtDNA sequences. The number of generations before stationarity of likelihood values was 
estimated, with the aid of TRACER v1.5 (Rambaut and Drummond, 2007), such that the effective 
sample sizes of all parameters became more than 100 after the burn-in. The heating parameters were 
set to 0.15. After discarding the first 1001 trees as burn-in, we obtained the 50% majority rule 






To investigate variation in shell morphology among three populations of genus Paraegista, PCA 
was performed based on seven measurements (Figure 5-3). More than 89 % of the variation among the 
individual snails was explained by three principal components (PC1, PC2 and PC3; Table 5-2). All 
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factors except for APH/D had enough loading value, and all factors had positive loadings on PC1. 
Especially, three characters, H/D, SH/D and SW/D, had quite high loading value (more than 0.9; Table 
5-2). Therefore, PC1 can be interpreted as explaining relative shell height (spire index; H/D). The 
difference in the PC1 scores was significant between Paraegista apoiensis ("Pa" in Figure 5-4) and 
Paraegista takahidei from Shakotan, ("Pt-S" in Figure 5-4), and between P. takahidei from Jozankei 
("Pt-J" in Figure 5-4) and P. takahidei from Shakotan (Steel-Dwass test, P<0.01). Three factors, 
AH/D, AW/D and APH/D, had high loading value on PC2. Two factors, APH/D and APW/D, had high 
loading value on PC3. However, there was no significant difference on the PC2 and PC3 scores 
between every population pairs of genus Paraegista (Steel-Dwass test, P> 0.05). Therefore, there was 
no significant difference in shell shape between P. apoiensis and P. takahidei from Jozankei. On the 
other hand, shell diameter of the two populations of P. takahidei was significantly larger than P. 
apoiensis (Steel-Dwass test, P<0.01). 
Genital analysis showed that all individuals of the genus Paraegista had only two mucus glands. 
In contrast, individuals of other three genera, Ainohelix, Ezohelix and Karaftohelix had more than 
seven (mean numbers of mucus glands are 9.25, 13.2 and 13.2, respectively). Acusta despecta, the 
sister group from other species, also had two mucus glands like the two species of Paraegista. 
 
Phylogenetic analyses 
In the combined nDNA and mtDNA analyses, 23 individuals of the six species including the 
outgroup taxa were analysed, and 22 haplotypes were detected. ML and BI analyses resulted in nearly 
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identical topologies. ML analysis resulted in a single tree with -ln likelifood 4949.7762. The inferred 
phylogenetic relationship among the haplotypes is shown in Figure 5-5. All genera except for 
Paraegista were monophyletic with high support value in ML and BI analyses (BV = 90%, 100% and 
90%, BPP = 0.98, 1.00 and 0.99, for the clades of Ainohelix, Ezohelix and Karaftohelix, respectively), 
but, the monophyly of genus Paraegista was not supported (Figure 5-5). The monophyly of each 
species of genus Paraegista was fully supported (BV = 98% and 96 %, BPP = 1.00 and 1.00, for P. 
apoiensis and P. takahidei, respectively), however, the genetic distance between two populations of P. 




Genital morphologies of the three populations of Paraegista are very close to each other. 
However, genetic distances among these populations were much larger than those among different 
genera (Figure 5-5) suggesting that genital morphology is fairly conservative traits. In addition, 
populations with identical genitalia are not necessarily monophyletic. Similar inconsistency among 
phylogeny, morphology and species is known in studies across different taxa at different taxonomic 
hierarchical levels (Parmakelis et al., 2003; Hirano et al., 2014). Acusta despecta, the sister species of 
all bradybaenid snails used in this study, has also same number of mucus glands as Paraegista, 
suggesting that ancestral species of some bradybaenid land snails in Hokkaido had two mucus glands 
in genitalia. Although the phylogenetic relationships among these species remain obscure, the above 
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results suggest that genital morphologies are not necessary useful for delimitation of species, but may 
be useful for systematics of higher taxonomy to some extent because of their evolutionary 
conservatism.  
Shell characteristics of Ainohelix, Ezohelix, Karaftohelix and three Paraegista populations are 
completely separated each other (Figure 5-4). Even within the same species, the two populations of P. 
takahidei have significantly different shell morphologies. P. takahidei has high variation in shell 
shape (especially, the relative shell height can be variable), though the differences in shell size are not 
significant. Meanwhile, no significant difference is found in shell shape between the two populations 
of P. apoiensis and P. takahidei from Jozankei. It also looks difficult to discriminate P. apoiensis and 
P. takahidei by means of other qualitative shell traits (the presence or absence of hairs on the shell 
surface, for example). Therefore, in this study, the difference between the two species of Paraegista is 
identified only by shell size (Figure 5-4B). 
In contradiction to genital and shell analyses, P. apoiensis and P. takahidei configured 
independent phylogenetic clades (Figure 5-5). These results suggest that the nominal genus 
Paraegista is not phylogenetically significant unit. Thus, these two species of Paraegista should be 
belonged to a single genus including Ainohelix, Karaftohelix and Ezohelix. Usually, the supraspecific 
taxa are rather expedient, and this is the reason why the taxonomists should be c a u t i o u s  a b o u t  
d e s c r i b i n g  s u p r a s p e c i f i c  t a x o n o m i c  g r o u p  f o r  t h e  b i o l o g i c a l  c l a s s i f i c a t i o n .  Because of 
supraspecific taxonomy of convenience and obscure phylogenetic position of P. apoiensis, all 
bradybaenid species in Hokkaido except for Acusta despecta and Euhadra brandtii should be belonged 
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to the genus Karaftohelix (Newcomb, 1865), though further research is needed to observe other related 
species in the continental regions of northeast Asia.  
Map  no. Locality  name Coodinates DNA Morphology
Latitude/Longitude Shell Genitalia
Paraegista  takahidei
4 Shakotan 43°19′N/140°21′E 4 12 1
6 Jozankei 42°59′N/141°06′E 1 3 1
Paraegista  apoiensis
9 Samani 42°06′N/143°01′E 4 7 4
Ainohelix  editha
5 Horokanai 44°18′N/142°10′E 1 -‐‑‒ 4
7 Shimamaki 42°37′N/140°06′E 2 -‐‑‒ 1
Ezohelix  gainesi
3 Horokanai 44°18′N/142°10′E 2 -‐‑‒ 2
5 Bibai 43°19′N/141°58′E 2 -‐‑‒ 4
Karaftohelix  blakeana
1 Wakkanai 45°31′N/141°56′E 2 -‐‑‒ 1
2 Rebun  Island 45°18′N/141°01′E 3 -‐‑‒ 4
Acusta  despecta
8 Taiki 42°29′N/143°16′E 2 -‐‑‒ 1
Total  no.  of  samples 23 22 23
Table5-‐‑‒1.  Sampling  localities,  geographical  coordinates  and  number  of  individuals
used  in  DNA  sequencing  and  morphological  analyses  for  each  snail  species.
measurement PC1   PC2   PC3  
Eigenvalue 3.834 1.415 1.003
%  of  total  variation 54.769 20.214 14.328
Coefficient
      H/D 0.949 -‐‑‒0.280 -‐‑‒0.037
      AW/D 0.702 0.454 -‐‑‒0.335
      AH/D 0.642 0.602 0.351
      APW/D 0.510 -‐‑‒0.010 0.737
      APH/D 0.187 0.752 0.472
      SW/D 0.939 -‐‑‒0.264 0.030
      SH/D 0.923 -‐‑‒0.366 0.003
Table  5-‐‑‒2.  Summary  of  principal  component
























Major concerns in this thesis are how phenotypic divergence through speciation is occurred, and 
what factors affect the diversity patterns. A sequence of present studies illustrated unique several 
findings and proposed several novel hypotheses for the cause of phenotypic divergence via ecological 
adaptation.  
The unique evolutionary pattern, high incongruence between shell traits (which defines the 
taxonomy) and phylogeny, was shown in two sympatric snails, Ainohelix editha and Ezohelix gainesi 
(Chapter 2). The evidence of past hybridization and introgression between different genera was also 
revealed using two neutral genetic markers (mitochondrial and nuclear DNA markers; Chapter 2). 
Hybridization between different taxa is likely to take place when adaptive morphological differences 
evolve more rapidly than reproductive isolation (Teshima et al., 2003; Stankowski, 2011; Nosil, 2012). 
Probably, high selection pressure affects intermediate forms, and maintain (or has recreated) distinct 
morphologies in the face of gene-flow. 
The snail species group studied in this study has much simple and unique characteristics 
compared with those of other examples of radiation (Galapagos finches (Grant, 1986; Sato et al., 
2001), East African Cichlids (Meyer et al., 1993; Seehausen, 2004) and West Indian Anolis lizards 
(Losos et al., 1998; Losos, 2009) mainly because of following four reasons: (1) few species and 
simple interspecific interaction, (2) parallel evolution of shell and behavioral traits, (3) phenotypes 
adapted to few predator species and (4) usually no habitat shift among species with different 
phenotypes. I believe that the land snail systems treated in this study will be model system to 
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investigate some unresolved problems on phenotypic divergence via ecological adaptation, especially 
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